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INTRODUCTION 



Information obtained "by the National Advisory Commit- 
tee for Aeronautics in ice-prerention tests indicates that 
the most effective method of preventing the formation of 
ice is that of heating; the sarfaces to be protected. The 
use of waste heat in the exhaust gases as a source of heat 
energy and the dynamic head in flight as a pump to circu-- 
late heated air has "been proven practical in a series of 
test flightsc In recent flight tests (reference l) the . 
exhaust gases were passed through the leading edge of the 
wings and ejected at the wing tips,, Circulated air was 
passed over the exhaust tube inside each leading edge, 
then into the after part of the wing, and out to the at- 
mosphere through louvers v/hich were located near the ai- 
leron and flap hinges. Effective ice protection in all 
kinds of icing weather was obtained. Objections have 
been raised to the use of an exhaust gas tube in the wing 
leading edge, particularly by the military services. 

Further study of de-icing methods indicates that 
effective ice prevention can be obtained by the passage 
of heated air through the interior of the part or surface 
to be protected. The source of the heated air may be an 
independent unit heater which burns gasoline or other 
substance, or an exhaust--air heat exchanger. The latter 
is thought to have considerable merit and is being em- 
ployed by the NACA in current i c e-pr e vea t i on investiga- 
tions. The pressure required for circulation of the 
heated air through the heater and the heated surfaces is 
produced by the dynamic pressure of the air stream* 

In this report there are presented a study of the 
design of an air-heated wing and the results of tests 
performed on a model air-heated leading edge, which were 
made to determine the validity of the proposed wing design. 



PRELIMINARY DESIGN PROOBDURB 



A study of the possible ways by which heated air 
could be applied to the airplane wing or other lifting 
surface resulted in the selection of a design, the lead- 
ing edge of which is shown in fjgure le Referring to 
figure 1, air is passed spanwise along "an unobstructed 
duct, region 1, from which it flows chordwise into a gap 
between the d oubl e -s.^'in leading edge, region 2, After 
leaving region 2, the air flows through passages permits- 
ted by the normal voids and lightening holes in the con- 
ventional metal airplane wing, and is discharged to the 
atmosphere through suitable ducts or louvers near the 
aileron' and flap hinges. In this design the following 
factors are important: 

1, The mass flow of the air through the gap 

2- The size of the gap 

3. The t empe rature . of the air ir the duct 

4, The pressure reo^uired to pass the heated air 

through the gap 



NOMENCLATURE 



Q,^_^ heat taken froia air as a result of passing through 
the gap, Btu/hr 

heat transferred from air to wing leading-edge 
skin , Btu/hr 

Q,3_4 • heat, lost by: skin, Btu/hr 

h^_3 heat ' transfer coefficient from air in gap to outer 
skin, Btu/hr, sq,f.t.,^r 

h^_4 " heat transfer c oef f i ci .ent from leading edge to 
ambient air, Btu/hr, s.q ft, " 

A area of heated outer skin, sq ft 

mass flow through gap, Ib/hr 
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Cp specific heat o.f air in the gap, Btu/lh, "^F 

t^^ temperature of air in duct, ^F 

ts mean temperature of air in gap, ^F, ^^i 

temperature of outer skin, ^F 

t4 temperature of aml'l ent air, ^F 

tg temperature of air out of ^^ap, ^F 

M* absolute viscosity of air in gap, Ih/hr ft 

k thermal condiicti vi ty of air in gap, 

Btu/hr. sq ft, ^F/ft 

d gap thickne ss , f t 

G- mass flow per unit sectional area of gap, 
Ib/hr ft2 

P-^-p^ pressure drop through gap, It/sq ft 

Vg-v^ change in specific volume, ft^/lb 

fg^^ friction coefficient at average air temperature 

N length of gap, ft 

^av average specific volarae., ft^/llD 

m hydraulic radius of gap^ ft 

g acceleration of gravity, ft/hr^ 

Re Reynolds num"ber, ^ 

Nu Nusselt numl^er, ^ 

k 

a Prandtl number, ^P^ 

k 



It is assumed that the fundamental relations for the 
flow of air through circular pipes remain true for the 
flow through the gap of region 2, figure 1, "basing the 



gap Reynolds nnrnter upon the gap thickness. The principal 
relations used in these calculations are as follows: 



^i3-4 = h3_4A(t3-tJ 
<^i_, = Wcp(t^-t^) 

The symljois and eqv-ation forms are the same as those em- 
ployed in reference 2. 

For a solution of the pi-ohleni of heat transfer from 
the air in region 2 to the airfoil skin, region 3. con- 
sider 1 foot of span and one passage, that is, either 
along the upper or lower surface, A simplification of 
equation (5), which admits the use of air as the gas in- 
volved and the characteristics of air over the temperature 
and pressure ranges in the prohlem at hand, gives 

hg.sd ^ /dG-V" ^ 



(1) 
(2) 
(3) 
(4) 

(5) 
(6) 



W 

Wlien the 1-foot span is considered G =: gr and therefore 

hd ^ ('^^) 

in v/hich W is the weight oi air passing through the 1 
foot of gap. Equation (?) may also be written as . 

= Q^QSk ^ (7a) 

|JL 0 , 8 d 



0:he values for k and \x which apply with satisfactory 
accuracy over the ran^-e of the present prohlem are 



k: - 0.017 Btu/hr, ^F, ft^/ft 



and 



= 5.62 X 10 ^ llD/hr, ft 



These values s-^il) s t i tut ed into qquation (7a) give 



h 0. 003 i --^ 

d 



(7d) 



From reference 3 the heat transfer from the leading- 
edge surface of an airfoil is ^^iven hy the eq^uation 



In the present prohlen = 93,4 inches, 

= ]35 mph; from reference 3, h" = 28 Btu/sq ft, , hr, 
C' -= 10 inches, V" = bO mph, and n = 0,52 at the esti- 
mated angle of attack for cruising speed; and from equation 
(8), ty calculation, h^_^ = 12.6 Btu/ft^, ^T, hr. 

Previous flight tests have indicated that effective 
icing protection was obtained when the forward 12 to 15 
percent of the wing leading-edge skin was maintained at 
an average temperature of atout 75^ F ahove that of dry 
amlDient air. The temperature ri&e of tne after'body de- 
creased fron about 75'^ F at the 12-percent-chord point bo 
IQO F at the 75-.pe rc ent-chord point. 

The amount of heat req_uired to raise the leadings- 
edge skin temperature 75^ F above ambient air temperature 
is found from the relation* 




n 



(3) 



- h3^^A(t3-t4) 



Let it be assumed that the ambient air temperature 
t^ is equal to 0^ F and that the skin temperature over 

the leading-edge region t^ is equal to 75^ F, as 
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suggested above. Considering 1 square foot of area for 
which h3_4 is equal to 12.6 Etu/hr, then 

Q, . = 12.6 XIX (75-0) = 945 Btu/hr 

which is the quantity of heat transmitted from the leading- 
edge skin to the amlDient air stream over 1 square foot. 

From equations (3) and (4) . 

Wcp(t,-t^) = 2 Wcp(t^-t^) = 945 



and therefore 



t= = t, - -945. 



and from equation (2) 



which can "be rewritten as 



h - ^ (9a) 

V 2Wc^ 



The selection of the duct air temperature which may 
"be used in the heated wing is influenced "by such practical 
considerations as the quantity of air passed, the avail- 
a"bility of heat, and the critical temperature of the 
structural material employed in the wing. A study of the 
influence of these factors leads to the conclusion that 
if aluminum alloys are used in the wing construction, the 
highest duct temperature allowa"ble on a "basis of the ma- 
terial critical temperature should "be employed. Inasmuch 
as most aluminum alloys lose strength rapidly at tempera- 
tures ahove 200^ F, a maximum of 300^ F duct air tempera- 
ture has "been set for la'ooratory investigations which in- 
volve these materials. It is "believed that if carefully 
designed, 300^ F duct air temperature may he used without 
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detrimental effect to the strength of the wing or other 
protected members. When ferrous allovs are emplo-ed other 
lactors determine the maxim-am allowable duct air tempera- 
ture, principal among which is the exhaust-air heat ex- 
cnanger efficiency. With increased duct air t emx.e ratur e , 
^he specific heat of air ig increased, the duct Uze is 
decreased and the drag effect involved as a result of re- 
moving momentum from the ducted air is decreased, all of 
wnich are fa-"-orab.l e trends, 

^ I'he quantity of air W and duct air temperature t, 

aetermine the total quantity of neat directed to the wing 
surface. '.^he total quantity of heat for a wing surface 
whicii will give satisfactory protection has been given in 
reference 1 as about 1000 Btu/sq ft, hr. The data re- 
corded from the tests of reference 1 were obtained with 
an exhaust tube in the leading ed^e of the wing r.nd with 
an air-heating system in the leading edge of the stabi- 

^^^^ taken with the air-heating system indi- 
cate! thac satisfactory ice protection might be possible 
with less than 1000 Btu/ft^^ hr average heating delivered 
to the wing surface. Preliminary considerations of the 
air-heated."Wing anti-icing system for the Lockheed 12A 
airplane will be based on an average heating requirement 
of about 800 Bta/sq ft, hr for the entire wetted surface. 

_ Inasmuch as the protected area of the Lockheed 12A 
airplane is about 200 square feet of wetted surface, the 
.Ir^lnn^i^" ^° directed to the wing will be about 
16G.000 Btu/hr. When the air temperature in the inlet 
duct, region 1, is chosen, the weight of air will be 
established. The delivered heat is measured on a basis 
of the rise above ambient air temperaturs. The total 
delivered heat will not be fully applied, some being lost 
uith the air at the trail ing-edge discharge louvers. 
Taking tne loss at the discharge louver into considera- 
tion, it may be seen that the unit area heating actually 
applied to the wing skin is less than 800 Btu/sc ft, hr. 

The pressure drop along the gap is given in equation 
lb J.. Over the range of Reynolds number values of Interest 
in tne present problem the friction coefficient is given 
by 

tut as noted above Re ^ ~- therefOx^e 
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f = 16 M./W (lOa) 

The term LsZ...!— is negative and small and will 

g 

he omitted as a means of simplifying the pressure rela- 
tions in the heating system. The rate of pressure drop 
in the gap along the" streamlines is given then "by 

Ap_ ^ ^^^^av (;L1) 
AN 2 gm 



or 



and 



(lla) 

AN g 



^ = 0.21E5 X 10-^ ^ (11^) 
AN d^ 



in which values for m* and g have heen suhstitutedc 

- 5.63 X lO"^^ Ih/ft hr 



- = 4. IB X 10^ ft/hr 



g 



The available iDressure drop along the air path from 
the exhaust-air heater inlet to the discharge louvers is 
assumed to he 80 percent of the dynamic pressure. It^is 
"believed that the lowest airspeed at which prolonged ice 
protection will he required is at the speed of maximum 
range. The indicated 'aircpeed of maximum range for the 
NACA ice research airplane is ahout 135 miles per hour 
and this value is employed in these calculations. If 50 
percent of the availahle pressure drop is employed hy the 
heater, there remains 50 percent of 80 percent, or 40 per 
cent, availahle for the wing circulation. Unreported 
NACA flight test experience support-, these assumptions. 
Forty percent of the dynamic pressure at 135 miles per 
hour, indicated airspeed, is 13.65 pounds per square foot 
The gap length along the streamlines at the root or long- 
est chord section is 1,25 feet in the Lockheed 12A air- 
planeo The availahle pressure drop per foot is 
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= -^^^^ = 14.9 Ib/sq ft 

Equations (7b), (9a), and (lib) are employed in selecting 
the size of gap which forms region 2 in figure 1^ The 
t3mperature of air in the duct, region 1, has been taken 
as 2000, 3000, 400^, ^qqO p the analytical study. 



RESULTS OF CALCULATIONS 



Tne relati ons between W and h as expressed in: 
equations (Vb) and (9a} for t, = 200^, 300^, 400°, and 

5000 F and; d = 0.005, 0,0078, 0,01, 0.015, and 0.02 have 
been-calculat ed and are given in figure 2, Preliminary 
studies of the problem indicated the desirability of the 
ranges employed. The relations between L^lt\^ and W, 
as expressed in equation (lib) for the same range of 
values of d, have been calculated and are given in fig- 
ure 3o The design analyses for the graphical relations 
shown in figures 2 and 3 are valid at all span stations 
if the necessary quantity of heated air reaches each sta- 
tion^- l^he duct section area in the Lockheed 12A airplane 
design has been selected so that the pressure dror) across 
region 2 at the wing root is equal to" the drop along the 
duct, region 1, added to the drop across region 2 at the 
wing tip. Such a design should give a nearly uniform 
spanwise skin temperature rise above ambient air- 



MODEL TESTS 



Before making alterations to the Lockheed 12A air- 
plane^ for the provision of heated-air ice prevention on 
the wings, a model leading edge was constructed and 
testad to determine the validity of the results shown in 
figures 2 and 3, The test airplane wing is constructed 
01 aluminum alloy and the leading edge is subjected to 
span loading stresses. The design of the model was there- 
fore based on a maximum duct temperature of 300^ At 
this temperature the total weight of air required to de- 
liver 160,000 Btu/hr to the wing will be approximately 
2000 Ib/hr. The protected span is 1A% feet so that, as- 
suming uniform distribution, the weight of air through 
each gap is about 70 Ib/hr, ft/ Referring to figure 2, 
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the optimum gax) for these conditions is found to te 0.02 
foot or approximately l/4 inch. A gap of 3/32 inch was 
used in the model leading edge because of the lower heat 
quantity available for th.e tests. 

The model (fig. 4) consisted of a 3-foot leading- 
edge ■ span with five ribs spaced at 9 inches on centers. 
The innef- and outer skins were separated by a 3/32-inch- 
'thick spacer at each rib. The chord length of the model 
corresponds to IsVg percent of a 7-fOQt-ciiord wing. Al- 
though the Lockheed 12k airplane wing employs an NACA 
2412 airfoil, an NACA 0012 secbion was chosen to simplify 
the tests, Figure 5a shows a typical section through the 
rib illustrating the construction details. 

The design of the model was such as to permit a 
static structural. test as well as a study of the. thermal 
pressure 'relations , The thermal tests were conducted by 
forcing air from a centrifugal blower through an electric 
heater and the model leading edge . The quantity of air 
was measured by the use of a sharp-edge orifice meter. 
The temperatures of the model skin and of the air passed 
through the duct and leading-edge gap were measured by _ 
iron-constantan, thermocouples. The thermoco^:ple locations 
at one chord station are shown in figure 5a= The pres 
sures of- the air passed through the model were measured 
■by the use of static pressure orifices ' located at the 
points shown in figure 5a. The thermocouples and pres- 
sure orifices shown in the - 1 ransvers e section (fig. 5a; 
were installed at 3 span stations in the model. 

The exterior surface of the model was cooled by a 
water spray, which, while not precisely simulating the 
removal of heat by the air stream, was satisfactory for 
the purpose of the tests. 

The tests were conducted by passing air at several 
temperatures and weight rates through the model and mak- 
ing observations of resultant temperatures and pressures. 
The temperatures employed in the model tests were lower 
than would be used to obtain satisfactory icing protec- 
tion. 

At the conclusion of the thermal studies, the design 
air loads. for the Lockheed 12A airplane wing were applied 
in a static test. The manner in which the loads were ap- 
plied ie given in figure 6. 
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The results of the model tests have been used to de- 
termirxe the friction coefficient and Nusselts number, 

— ' at the test Reynolds number. The relation between 

l^usf^elt^s number and Beynolds number is given graphically 
in figure 7. It should be noted that the experimental 
data of these tests are for heat transferred to one sur~ 
face onlyc 

The relation between friction coefficient, calculated 
from the model tests, and Reynolds number is shown on fig-- 
ure 8 with the friction coefficient curve used in equation 
(10). 



As shown in figure G, the model was found to have 
satj sfaCtory strength with a load equivalent to the high 
angle-of-at tack condition with a load factor of 6o The 
total load was SO? pounds, which corresponds to a dis- 
tributed load of 212 pounds per square footo 

DISCUSSION 



The results of the model tests indicate that the 
preliminary design of the air-heated wing for the Lockheed 
12A airplane was satisfactorily developed. The wing, 
therefore, has been constructed and is currently being 
tested in flight to determine the thermal propertieso 

In the preliminary design herein developed, it is 
planned that the heat absorbed by the boundary-layer air 
over the leading edge will contribute to the prevention 
of ice at rearward chord points. The leading-edge heat 
exchanger presented in this design is a compromise device 
resulting from practical considerations of airplane con- 
structionc While a more efficient heating system would 
be obtained by extending the double skin over the entire 
chord, such a design is not considered practical. 

While aerodynamic heating may be an important factor 
in the prevention of ice on high-performance aircraft, it 
is believed that the design of the heating equipment 
should be based on the heat available and required at the 
speed of maximum range. At this speed aerodynamic heat- 
ing will be unimportant. The effects, therefore, of adia- 
batic and viscous heating are not considered in this 
design study. 
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The point at which the air is discharged from the 
interior of the airfoil v^ill influence the design. If 
exhausted at a low-pressure pointy the avai lahl e pres sure 
drop across the heating system may be greater than 80 per- 
cent of the dynamic head. It is not at present known 
whether the dischar^.e of air from a slot near the gap 
ey.it, as compared to a discharge near the trailing edge, 
is superior from the stardpoint of ice prevention. 

The advantage?^ of the design developed herein may be 
listed as follows^ 

lo Preliminary weight studies indicate that the air- 
heating equipment will weigh less than any other known ef- 
fective ice-prevent i on equipment .> 

2 The mainfcenanje and inspection requirements 
should be less than otner ice-prevention equipmentr, 

3o The performance of the airplane may he improved 
duf^ to a wing drag red^iction which should result from 
making the wing sarface aer odynamical iy smooth:. 

4o The heatir.g system nay he employed on the ground 
to remove snow or frost without danger tc the wing struc- 
ture o 

5o The use of air heating may permit the air heater 
bo he employed for a combination of functions in addition 
x,o wing de-icingj such as cabin air heating, xvindshield 
de-icing, gun heating, and winterizing parts which die 
valnerable bo ] ow^ ambleni aix' temperatures, and thus ef- 
fect a further weight r educ 1 on c 

6.. The heated-air system should be less vulnerable 
to gunfire or other military action such as. barrage bal- 
loon cables than othei de-icing deviceso 
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Reglon 4. 
Ambient air • 
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> 

> 



Region 5. 

Afterbody of wing. 
Remaining heat in air 
leaving gap is used to 
heat afterbody of wing* 
Air is finally passed to 
the atmosphere through 
ducts near the aileron 
and flap hinges. 



Plgtcre 1. Design of leading edge for air hea^ted wing. 
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NACA LEGEND Tig. 2 

h = 0.0034 vP^^ 



d 



h = 945 

I 2wcp ; 

9 h Calculated from 
model leading-edge test data 




W, MASS PLOW It/hr 

Figure 2.- The relations between heat transfer coefficient, 
h, and mass flow per foot span, W, for several gap sizes 
and duct tempera twes . 



NACA LEGEND Tig- 3 

Ap/AN - 0,2155 xlO"® Wv/d^ 

e Ap/AN Calculated from 
model leading-edge test data 




10 20 30 40 50 100 

W, MASS PLOW Ib/hr 



Figure 3#- The relation between the pressure loss gradient, 
Ap/AN, and the mass flow per foot span, W, througji gap 
of several thidcnesses. 
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Figure 4.- The model leading edge with which the preliminary 
design calculations were studied. 




Figure 6.- The model heated leading edge being statically 

. . . i?^^®^' ^^6^ ^ele 0^ attack, load factor 6. A 
plied load 212 pounds per square foot. 



Lead wires for 

fhermocoup/es 
I fo 4 incl. 




Lead wires -for 

thermocoupfes 
5 fo - ■—' 



incl. 



%c 
0 

I.Z5 

2,50 

5,0 

1.5 
10 
15 
ZO 



Table, of ordinafes 
Si a ho n Ordinate 
c in. 
0 0 
1.89 I.S68 
Z.6Z 2.Z0 
3Se Z.S9 
^.20 3.5Z8 
4£8 393 
534 4,48 
5.74 4.82 



tn. 
0 

1.05 
2.10 
4.Z0 
$30 
8,40 
IZ.SO 
16.80 



. Note: 

Nos. I fo 7 incl. indicate locations of 

surface thermae ouples - see de tail © 
Hos. 6 to 10 incl. indicate locations of 

air ttiermocouples - see detail® 
fios. II and 12 indicate locations of 

pressure tube connections - 

see detail ® 



Center ribs riveted back to back 
and upper and lov^er ribs riveted 
fo outside sHin of jndicafed spofs 



8'3€ rd. hd. mach. 
JO reg'd. 



screws 



Figure 5a*- Transverse section through model heated leading edge showing 
thermocouple and static pressure orifice locations* 
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Outside skin- 
Spacer- 
In St do skin- 




Bulkhobd 




-^-AV- Tig. 5b 



. See detail f 



Outside skin 



Typi col detail see dwg 566 
Copper rivet 

/ 



inside skin/ Ttiermocouple leod wire. 

Soicfer Soidered to bottom of r/^et. 
Typ i CO I de toil (c) 
Outride skin .Rivet flusn 
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- count ereunk 

iieod rivet 



' -drilled fiole 
w/7/7 cieor 
sfiarp edges 



Spacer 

Typical rivet detaii (7^ 



-26-iiex /iGod 
maohirtB Screw 

Seal pressure 
fight Ground wire 
ot ossemb I y 



-X drill tiole 

v7C 




— -28 'hex nut 
^ , <S lock wasfier 

Insulation 



Ttierm oao up Ig 
lead wire 
Typical detail 



Brass or copper 




~'^--~'0D copper tubing 
° .025 wall (23 QOge) 



ID rubber tubing 



Typical detail (e^ 



Outside skin-' 
Spocer'' 
Ins ids skin' 



All dimensions in Indies 





Se^ detail f 



Bulkhead 



Typical detail see dwg 568 
Figure 5b.- Details of construction of the model beated-leading edge of 
wing. In connection with figure 5a. 
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LEGEND 

f - 16/Re 

© f Calculated from 
model leading -edge test data 




REYNOLDS NUMBER Re = dO/n 



Figure 8.- The relation between friction coefficient, f , 
and Reynolds number. Re, assumed for preliminary design. 



